During 28-31 October, 2003, a series of coronal mass ejections hit the magnetosphere and triggered two consecutive large storms. Three ground magnetometers at L = 1.32-1.41 recorded field-line resonances (FLRs) during this interval. The FLR frequencies decreased from 0600 LT on 31 October 2003 during the main phase of the second storm until 12 LT when the recovery phase of this storm began. After the decrease, the FLR frequencies returned to its pre-storm value (at 0600 LT on 31 Oct.) in a few hours. The measured decrease in the FLR frequency suggests a relative increase in mass density along the field lines during the magnetic storm. On the other hand, the total electron content (TEC) data suggest that the ionospheric plasma number density during this storm was similar to that during quiet times. A possible explanation for the increase in mass density would be an outflow of the heavy ions (e.g., O + ) from the ionosphere to the plasmasphere.
Introduction
It is well known that hydromagnetic waves are observed everywhere in the Earth's magnetosphere. The field-line resonance (FLR) is excited when the frequency of hydromagnetic waves in the magnetosphere matches the field-line eigenfrequency (Orr, 1984; Allan and Poulter, 1992) . As a rough approximation, FLRs are considered as the oscillation to propagate with shear Alfvén waves traveling along the magnetic field lines between the northern and southern ionospheric boundary (Obayashi and Jacobs, 1958) . The Alfvén speed (V A ) is defined as V A = (4πρ) −1/2 B, where ρ is the plasma mass density and B is the magnetic field intensity. Thus the field-line eigenfrequency (i.e. the FLR frequency) is expected to be a function of the field-line length, the magnetic field intensity, and the mass density along the field line (Kitamura and Jacobs, 1968; Troitskaya, 1997) .
At low geomagnetic latitudes, geomagnetic field lines are considered to be stable. Thus FLR frequency observed at a fixed point shows inverse proportion to the plasma mass density along field lines. As FLR mainly occurs in the dayside, a network observation of ground magnetometers is useful for continuously monitoring the FLR frequency, from which we can estimate qualitative changes of the plasma mass density in the inner plasmasphere. Aiming to investigate the plasma mass density in the inner plasmaCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
sphere, we have installed two low latitude ground magnetometers located at L = 1.32 and 1.41 in 2003 and succeeded in monitoring the FLR frequency. There are no previous reports on the changes in FLR frequency during large magnetic storms at the low-latitude region L ∼ 1.4, so that our study in this report would be important. This paper constitutes the first report of a significant decrease in the FLR frequency at L = 1.32-1.41 during a large magnetic storm. The decrease in the FLR frequency took place during the second of two consecutive large storms on 31 October 2003. It is certain that this decrease in the FLR frequency was caused by the increase in the mass density along the field line at L = 1.32-1.41, because, as will be stated later, the field lines there are hardly deformed even during magnetic storms. We consider a possible explanation for this mass-density increase.
Some previous literature, which are the studies at higher latitudes than our study in this paper, reported the plasma mass density inferred from observed FLR frequency (e.g. Chi et al., 2000; Chi, 2005; Vellante et al., 2002; Clilverd et al., 2003; Menk et al., 1999 Menk et al., , 2004 . Menk et al. (2004) studied the latitudinal profiles of mass density at 2.5 < L < 10 and investigated the position of the plasmapause under quiet and disturbed (but non-storm) conditions. Furthermore, they discussed the heavy ion mass loading effect to the field lines by comparing the mass density inferred from the FLR frequency with the electron number density determined by using natural VLF whistlers. Clilverd et al. (2003) also compared the mass density inferred from the FLR frequency with ground-based whistler and in-situ observed electron density data at L = 2.5 during relatively quiet condition. During the main phase of magnetic storms, temporal variations in the mass density inferred from FLR frequency were reported by Chi et al. (2000) , Chi (2005) and Vellante et al. (2002) 
It is noted that Chi (2005) reported an increase in the mass density at higher latitudes (L = 2.5 ∼ 3.0) during the same storm event as this study. The density maximum observed by Chi occurred at least 5-hour before the maximum reported in this paper. In addition to that, these storm-time increase is in contrast with previously-reported storm-time density decreases at L = 1.55 ∼ 2, reported for different smaller storms (Chi et al., 2000; Vellante et al., 2002) .
We also document the ionospheric response during the same time interval using total electron content (TEC) data deduced from GPS signals, and study the contribution of ions outflowing from the ionosphere to the plasmasphere.
The observations presented in this paper, made at L < 1.4, could be combined in the future with the observations at higher L, which would contribute to understanding the behaviors of the global variation of the plasmaspheric mass density in storm time.
Data Analysis
Magnetometers were installed at Tohno (TNO, geographic coordinates: 39.37
• N, 141.60 • (1.36), respectively, and both stations are located approximately along the 210
• magnetic meridian. The 'gradient methods' (Baransky et al., 1989; Waters et al., 1991; Kawano et al., 2002) are designed to extract FLR from ground magnetometer data using two stations closely spaced along the same meridian. In this paper, we distinguished FLRs by applying the gradient methods to the storm-time data using ground magnetometers at L ∼ 1.4. Our methods are briefly reviewed below.
The cross-phase technique and the amplitude-ratio technique are used to identify the resonance frequency of a point between the two stations. The concept of the crossphase technique (as named by Waters et al. (1991) ) was first proposed by Baransky et al. (1989) . The phase of the H -component jumps by 180 degrees across the resonance point (Baransky et al., 1985) . The latitudinal gradient of the phase is steepest at the resonance point; the phase difference of the H -component between the two stations is therefore expected to be largest when the resonance point is located at a point between the two stations. We can therefore determine the peak frequency to be the resonance frequency at a point between the two stations. The amplitude of the Hcomponent magnetic pulsations reaches a maximum at the resonance point (Baransky et al., 1985) . The ratio of the dynamic spectra of the H -component data at two ground stations of contrasting latitude will produce a bipolar structure because the amplitude response of the resonance at the two sites is maximized at different frequencies. We can therefore determine the frequency at the center of the bipolar signature to be the resonance frequency at a point between the two stations.
The two storms in this study took place during 29-31 October 2003. Figure 1 shows the results of the gradient methods applied to the data of 28, 29, and 31 October, when FLRs appeared. As FLRs occur mainly in the dayside, all spectrograms present the interval of 2000 UT to 0900 UT, which corresponds to the local time (LT) of 0500 LT to 1800 LT. The white color in this figure corresponds to low coherence less than 0.7.
The clear ridge (red color) across each top panel in Fig. 1 indicates the cross-phase maximum. The ridge corresponds to the maximum value of the phase difference from ITA to TNO, phase difference is positive in this case. The reason of the positive value of the phase difference is as follows. The field-line eigenfrequency and the phase of the H -component generally increase with increasing latitude at L < 1.6 (Menk et al., 2000) due to ionospheric O + mass loading to flux tubes at L < 1.6 (Hattingh and Sutcliffe, 1987; Poulter et al., 1988) . Subtraction of the phase at ITA from that at TNO (located at a higher latitude) therefore results in a positive value.
The latitude dependence of the FLR frequency outlined above can also be identified from the amplitude-ratio pattern in Fig. 1 : There is a clear trough (blue color) and a clear ridge (red) across each of the lower panels (the trough is at a lower frequency than the ridge). The trough represents less power at TNO than at ITA, while the ridge represents greater power at ITA. We can therefore identify the trough as a resonance over the ITA station and the ridge as a resonance over the TNO station. The observed pattern indicates that the FLR frequency increased with increasing geomagnetic latitude.
On 28 October the FLR only appeared over a very short interval ( Fig. 1(a) ). Starting from 1300 LT, the eigenfrequency of the magnetospheric field line at a point between TNO and ITA can be clearly identified at 70 mHz in the two panels of Fig. 1(a) ; the eigenfrequency decreased slightly from 1300 LT to 1440 LT.
On 29 October the first magnetic storm started at 1511 LT. On this day, FLR (Fig. 1(b) ) was not as clear as FLR represented in Figs. 1(a) and 1(c). FLR at 0820 LT had a frequency of 75-85 mHz. FLR had a frequency of 65-70 mHz at 1420 LT when a sudden commencement was observed at the stations. From 1500-1620 LT, phase difference and amplitude ratio signatures were observed at high frequencies (90-120 mHz), which corresponds to higher FLR harmonics. The fundamental mode is identified at 50-65 mHz.
The second magnetic storm began at 0137 LT on 31 October 2003. On this day, FLR was clearly identified during 0640-1200 LT and 1350-1600 LT (Fig. 1(c) ). The observed eigenfrequency steadily decreased from 55 mHz at 0640 LT to 40 mHz at 1200 LT. FLR appeared again at 1350 LT, and the eigenfrequency increased from 60 mHz to 65 mHz during the period 1350-1600 LT. Higher harmonics of FLR, at about 90 mHz, were observed during 
Results and Discussion
The FLR frequencies shown in Fig. 2 were determined as follows. The ground magnetometer data were divided into 20-minute intervals. For each interval, we used the crossphase and amplitude-ratio methods to determine if FLR exists in the H -component data from the TNO and ITA stations. If both methods identified FLR within a given interval, we examined if the two values of the FLR frequencies derived from the two methods were in agreement (allowing for a 5 mHz difference between the two values). If the val- ues were in good agreement, we concluded that FLR existed during the 20-min interval, and record the eigenfrequency. Time series data of thus identified FLR frequencies are shown in the second panel of Fig. 2 as filled red circles in the same time frame as the D st index (top panel). The time interval displayed in Fig. 2 covers the two storms described in this paper.
We have also studied the diurnal variations of the FLR frequency during quiet times, and examined whether the variations during the second storm on Oct. 31 were unusual. For all the quiet-time datapoints during May 23, 2000-Dec. 31, 2003, the criteria for the quietness are as follows: K p < 3, D st < 40 nT, IMF B total < 10 nT, and the solar wind dynamic pressure P dyn < 5 nPa. The solar wind parameters used in this analysis are obtained by the ACE satellite (Smith et al., 1998; McComas et al., 1998) . For IMF B total and P dyn , we have roughly corrected the solar wind propagation lag by dividing the distance between the Earth and ACE by the solar wind bulk speed.
The second panel of Fig. 2 shows the mean FLR frequency (blue open circles) and the standard deviations (blue errorbars) in the quiet times as a function of LT. It is clearly seen that the FLR freqeucny during the second storm significantly decreased from the mean diurnal variation of FLR frequency in quiet times. On the other hand, on 29 October, the FLR frequency at 0600 LT was higher than the mean value and decreased to the mean value till the noon, before the onset of the first storm. This is the first study to describe a significant decrease in FLR frequency during a large magnetic storm at lowlatitudes (L = 1.32-1.41). We believe that the decrease in FLR frequency recorded on 31 October was causally related to the second storm, because the FLR frequency at L = 1.32-1.41 also decreased in most other large storms that we examined (not shown here).
As documented in Introduction, the FLR frequency is affected by the field-line length, the magnetic field intensity, and the mass density along the field line. If the field-line is only slightly distorted during magnetic storms, the decrease of the FLR frequency is mainly caused by an increase in plasma mass density along the magnetic field line.
Here we estimate how much field lines were distorted during the storm events. In this study, the magnetic field intensities (|B| eq ) in the equatorial region and the lengths of the field line (l), under quiet and disturbed conditions have been calculated using the most recent model of Tsyganenko and Sitnov (2005) . We have calculated the model magnetic field at 1100 LT at TNO located at L ∼ 1.4 on 30 Oct., 2003, with the following two sets of model parameters corresponding to the quiet and disturbed conditions: Solar wind dynamic pressure P dyn : 3 nPa, IMF B y : 3 nT, IMF B z : 3 nT and D st index: 15 nT as the quiet condition, and P dyn : 20 nPa, IMF B y : −20 nT, IMF B z : −20 nT and D st index: −300 nT as the disturbed condition. These disturbed-condition values were actually observed by the ACE satellite when the FLR frequency was minimized during the second storm of this paper.
As a result of the calculation, the equatorial |B| eq and l under the disturbed condition differs by only 0.2% and 0.08%, respectively, from that under the quiet condition. Hence, it is certain that the variation in the FLR frequency for our event was mainly caused by the change of the mass density along the filed line. Thus, in the following we will estimate the qualitative change in mass density along the field line from the recorded decreases in FLR frequency.
The primary aim of this paper is to determine and interpret variation in mass density along the field-line rather than to obtain precise quantitative estimates of the mass density. Therefore, in the following text, we will concentrate on whether the mass density increased or decreased during the storm event.
We use the method of Schulz (1996) to estimate ρ eq from the field-line eigenfrequency. We assume a dipole magnetic field and a power-low plasma mass density model ρ = ρ eq (L/r ) m , where ρ is the plasma mass density, L is the L-value of the field line, and r is the geocentric distance (in R E ) of the point of interest upon the field line. We assign parameter m of the plasma mass model a value of four, consistent with previous studies (Chi et al., 2000) .
The procedure suggested by Schulz (1996) does not provide a quantitatively precise ρ eq estimate for low-latitude field lines (at L < 1.8) because a significant portion of the field lines lie within the ionosphere. The mass loading effect of the ionospheric heavy ions steepens the plasma density gradient along the magnetic field line and this effect act to lower the eigenfrequency. However, as stated above, we pay attention only to the general trend of variation in ρ eq ; for such qualitative information, the procedure of Schulz is adequate even at low latitudes. Procedures for determining more precise estimates can be found in the literature (e.g. Hattingh and Sutcliffe, 1987; Poulter et al., 1988; Price et al., 1999) .
The third panel of Fig. 2 shows the density estimated via the method of Schulz. The density increased before the first storm, on Oct. 29, and again during the second storm on Oct. 31. It is found that the second increase was significantly larger than the first. The discontinuous nature of the data makes it impossible to determine if the density changed during the first storm.
The fourth panel of Fig. 2 shows TEC values measured on the ground at L = 1.38 ([magnetic lat., magnetic long.] = [31.18, 212.48]). The TEC values were measured by the Geographical Survey Institute (GSI) GPS network, GEONET (GPS Earth Observation Network). TEC data are obtained every 30 seconds for all of the satellite-receiver paths of GEONET (Saito et al., 1998) . We used the method of Otsuka et al. (2002) to remove instrumental biases inherent in the GPS satellite and receiver, and then we determined absolute values of TEC. The panel shows vertical TEC, estimated from the TEC of many different paths measured at each station.
A significant increase in the daily TEC maximum occurred on 29 October before the main phase of the first magnetic storm. This increase was simultaneous with the increase in ρ eq at L ∼ 1.4 (deduced from our ground magnetometer data) while D st was relatively constant immediately prior to the storm on 29 October. It is therefore likely that the increases in TEC and ρ eq are related phenomena. A possible explanation for this relationship is that plasma outflew from the ionosphere, which had a higher number density than usual (as suggested by TEC), toward the plasmasphere at L ∼ 1.4 and resulted in an increase in mass density at this point. In any case, the density increase preceding the first storm was smaller in magnitude than that following the onset of the second storm.
The significant decrease in the FLR frequency during the second magnetic storm is explained by the increase of the mass density along the field line; the source of the increased mass density along the field line at L ∼ 1.4 might be the ionospheric plasma outflow, which is an ionospheric-storm effect.
However, the daily TEC maximum during the main phase of the second magnetic storm was similar in magnitude with that during quiet time (e.g., 28 October). This observation indicates that the relative plasma number density in the ionosphere did not increase significantly, because the majority of TEC comes from the ionosphere. Outflow of the ionospheric plasma was therefore minimal, even though the equatorial plasmaspheric mass density estimated from FLR significantly increased over the same time interval (Fig. 2,  third panel) . Despite these observations, the ionosphere remains the most likely source of the increased mass, as discussed in the following.
During the second storm a small amount of the ionospheric plasma outflew, causing little change in TEC. However, the small increase in the plasmaspheric number den- sity corresponded to a large increase in the mass density as shown by our FLR data. Such features would be caused by heavy ions (e.g., O + ), which are the main constituent of the ionospheric plasma outflow (Kelley, 1989) , so that the resultant small increase in the plasmaspheric number density meant a lot of increase in the mass density there (as shown in our FLR data).
We also note that the increased mass could return to its pre-storm value within a few hours after the storm onset because the Earth's gravity makes heavy ions sink into the ionosphere faster than H + ; this could explain the observed density decrease in a few hours after the density maximum at ∼ 12 hr LT on 31 Oct. (Fig. 2, third panel) . Chi et al. (2000) and Vellante et al. (2002) reported a decrease in the plasmaspheric mass density at L = 1.55-2 during the main phases of magnetic storms. The authors concluded that the decrease resulted from depletion of the plasmasphere. On the other hand, Förster et al. (1992) reported that the magnitude of the O + densities increased during a magnetic storm with decreasing latitude. Applying for their results to our event at L = 1.32-1.41, we can conjecture that the O + enhancement may have overcome the density-decrease effect, because the O + enhancement would have been more effective during the event in this study than during the other storms, which Chi et al. (2000) and Vellante et al. (2002) studied. In addition, there is the possibility that the enhancement of the O + density as reported by Förster et al. is more significant (at all latitudes) for larger storms. Chi (2005) reported an increase similar to the increase in our paper, but at larger L (L = 2.5 ∼ 3) and at different local time (∼ 8.5 hours to the east of our stations), during the same second storm. The density maximum observed by Chi occurred at 21 UT (14 LT) on 30 October, and the density maximum reported in this paper occurred at 3 UT (12 LT) on 31 October. In other words, the density maximum in our paper occurred at least five hours after the density maximum of Chi (2005) .
Chi suggested that the eastward electric field uplifted the ionospheric F-layer. On the other hand, the maximum of the mass density reported in this paper occurred at least 5-hour after the maximum observed by Chi, when the electric field was westward (as shown in figure 3 of Chi (2005) ). Thus, we suspect that, at L ∼ 1.4, when the electric field does not directly influence the significant increase in the mass density along the field line. The increase in the mass density could be due to the uplifted ionosphere along the field line by the enhanced equatorward neutral wind in the thermosphere generated by the neutral-gas heating in the auroral zone during the main phase of the storm. Chi referred to Takasaki et al. (2004) and stated that further studies, which combine observations at different local times would be very useful in understanding how relevant physical mechanisms influence the behaviors of the storm-time plasmashpereionosphere system. We take the same view as them, and we also note that it is also important to combine observations at diffferent L's.
Summary
This paper shows a significant decrease in the FLR frequency at L ∼ 1.4 during the large magnetic storm. There are some possible explanations for the decrease; the FLR frequency decrease when the magnetic field-line becomes distorted, and/or the mass density along the field line increases. We calculated the paths of the field line by the latest Tsyganenko model (Tsyganenko and Sitnov, 2005) and found that the magnetic field-line at low latitude (L ∼ 1.4) is rarely distorted even in large magnetic storm. Therefore, we mainly considered the most possible explanation that the decrease might have resulted from an increase in the mass density along field line. On the other hand, TEC data suggest that the ionospheric plasma number density during this storm was similar to that during quiet times. These different responses between the mass density estimated from the FLR frequency and the ionospheric number density inferred from the TEC values indicate that a small outflow of the heavy ions (e.g., O + ) from the ionosphere increased the mass density in the plasmasphere.
